Introduction
Following the digitization of the textile industry, emphasis is on the manufacturing process automation overwhelmingly. Accordingly, it is universally understood that the fabric defect is behind the times and unsuitable for the modern textile industrial production [1] . In addition, the automatic detection of fabric defect is capturing the researchers' attention and it is more accurate and efficient. Nevertheless, much of the research in automatic detection of fabric defect in the last decades has examined in the field of woven fabric, especially the plain one, and the work in the warp-knitted fabric is unusual. Alternatively, the automatic detection of fabric defect is mainly dependent upon spatial domain methods (gray histogram statistics method, gray level co-occurrence matrix [2] [3] [4] , and Markov random field method [5] [6] ) or frequency domain methods (Fourier transform method [7] [8] [9] , Gabor transform [10] [11] [12] , and wavelet transform [13] [14] [15] ). However, these methods fail to effectively capture the information on the fabric defect.
In this work, the non-subsampled wavelet-based contourlet transform (an improved contourlet transform; NWCT) is applied in the warp-knitted fabric defect segmentation for the first time. Different from the traditional contourlet transform proposed by Do and Vetterli [16] [17] , NWCT substitutes wavelet transform for Laplacian pyramid to obtain the high-frequency detail coefficients and provides the non-subsampled directional filter bank to decompose these coefficients. Similar to contourlet transform, it also can play an important role in the area of image compression, image fusion, and image de-noising. This paper takes the loop structure of warp-knitted fabric into consideration and segments the broken warp, width barrier, and oil produced in the warp-knitting production out of the fabric. The experimental results imply that the new method gives an outstanding performance in profile-holding ability.
Contourlet transform
It is well known that Fourier transform reveals the inherent relationship between the time function and spectrum function. It displays the whole spectrum of the entire time period. Although Fourier transform has the excellent performance of frequency localization, it fails to achieve time localization. As known, the time localization is crucial to processing the nonstationary signal. However, the wavelet transform, which has the advantage of time-frequency localization, can address the shortcoming. The wavelet transform can provide time-frequency analyses for the input signal. But when the input signal contains highdimensional singular geometrical characteristics, such as edge, profile, texture, and so on, the wavelet transform is no longer applicable for the optimal approximation of the original signal. Afterward, some researchers proposed a significant amount of improved wavelet or Fourier methods and these methods also achieved some anticipated goals, but the inherent matter still exist. Naturally the multiscale geometric analysis, which is a proactive response to these matters, is proposed. Among them, the contourlet transform is one of excellent geometrical of the two-band fan filter bank, the following sampled matrix Q1 and Q2 and the sampled unimodular matrix R1, R2, R3, and R4.
The fan filter bank just filters the frequency spectrum in both the horizontal and vertical directions. However, the down-sampled matrix changes the data sampling rate and rearranges the result while the down-sampled unimodular matrix merely rearranges the result. In general, the decomposition steps are manifest as in Figure 3 . In the figure, DQ1 and DQ2 are respectively downsampling operation of Q1 and Q2, and DR1, DR2, DR3, and DR4 are same too.
Non-subsampled wavelet-based contourlet transform
Although the contourlet transform can hold the profile information of the original image positively, it is not better than the wavelet transform with regard to the total effect. There are several reasons behind this case. In the first place, LP forms the heart of the matter. As mentioned above, the contourlet transform is composed of LP and DFB. For LP, there is an original image waiting for decomposition at the first level and an approximate coefficient at the last level. The resolution and size of the image will fall off when the decomposition begins.
image transforms that can decompose images both radially and angularly while keeping the favorable profile. It can hold much more high-dimensional singular geometrical characteristics so that to extract the intrinsic geometric features of images and get the "real" 2-D images. Thus it is widely shared that the contourlet transform is playing a more important role in the fields of image compression, image de-noising, image fusion, and texture analysis [18] .
Generally, the contourlet transform consists of Laplacian pyramid (LP) and directional filter bank (DFB, proposed by Bamberger and Smith in 1992 [19] ). Figure 1 shows the operating principle of the contourlet transform. In the figure, the original image is decomposed into low-frequency coefficient and high-frequency coefficient by LP [20] and then the highfrequency coefficient continues to be decomposed radially and angularly by DFB. Consequently, the directional sub-bands will be formed. Figure 2 is the theory of LP decomposition. In this, Sig means the input signal; D is decomposition filter; S represents the synthesis filter; DSM is down-sampled matrix; and USM represents up-sampled matrix. The original signal Sig is filtered by D and sampled by DSM. It will produce the low-frequency signal a. This signal continues to be operated by means of S and USM, and a prediction signal, which is similar to the original signal, is formed. In the end, the high-frequency signal b is worked out, which is equal to the D-value between the original signal and prediction signal.
Shown in
Moreover, the DFB is a tree-structure of N levels that can decomposes the high-frequency coefficient into directional sub-bands at every level [21] . And the DFB is mainly composed One more point needs to be described. In order to solve this problem, Eslami has proposed wavelet-based contourlet transform over the years, but the actual effect is not promising [26] [27] . The reason for that is the artifacts it generates. Actually, the traditional directional filter bank, which is operated with down-sampled matrix, destroys the translation invariance and results in artifacts. Especially, the artifacts will be distinguished when the image has dramatic changes of the gray level. Similarly, the gray level changes rapidly as the defect occurs on the fabric, and accordingly the artifacts will be almost certainly drawn into the defect segmentation.
So it is indispensable to discuss about the down-sampled matrix. This paper defines M as a sampled matrix, x(n) as the original signal, and X(ω) as its spectrum. The procedure of down-sampling is demonstrated as follows.
For example, there is an image of size 2 J *2 J (equals to N*N, J=log 2 N). After the decomposition of P+1 levels, the resolution of it will turn into 2 J-P *2 J-P . Consequently, M pixel of P+1 levels has the following formula:
It can be found that LP will produce the redundancy of 1/3. Accordingly, it leads to the redundancy of the contourlet transform. As a result, the redundancy will give rise to jumbled information and the calculated amount of the transform increases. So the wavelet transform is introduced to substitute LP [22] .
Compared with Fourier transform, wavelet transform (developed by Meyer and Mallat) is a local transformation based on time and frequency domains so that it can extract the information from the input signal effectively. It can achieve multiscale analysis through scale and translation transformation and solve matters in which the Fourier transform failed. So when the wavelet transform substitutes for LP to decompose the image, it can settle the matter of redundancy and reduce the calculated amount of the whole transform [23] [24] [25] .
As shown in Figure 4 However, the non-subsampled directional filter bank (NSDFB) can be constructed if the down-sampling operation is replaced by up-sampling operation [28] . Shown as the following equations, the up-sampling matrix does not lead to the aliasing of the signal, so it is promising enough to construct NSDFB.
(9) (10)
As shown as Figure 6 , it's the non-subsampled directional filter banks that is constructed in this work. The down-sampling operation is removed. In contrast, the up-sampling operation is introduced. The first level is the fan filter bank. When the fan filters are up-sampled by the sampled matrix Q1 and Q2, the second level filters are formed, which are known as
Usually, we adopt 2 as determ of sampled matrix M. According to equation (7), the new expression looks like equation (8) . (8) As above, the highest frequency is doubled, which means the down-sampling operation expands the spectrum of the input signal. Naturally, the down-sampling operation will give rise to the aliasing of the signal if the bandwidth of the signal is sufficient. That explains the reason of why the DFB is unsuitable. Figure 6 also demonstrates the procedure of downsampling. functions. But these methods will have an impact on the integral continuity of the processed coefficients. So this work improves the method by introducing the weighted average method:
Here, σ is the noise standard deviation and N is the decomposition level; λ and w is respectively the threshold and the weight; coef i,j represents the gray value of the coefficients V, H, and D.
Meanwhile, the level of decomposition should be also considered. The ringing and profile information are the crucial factors to determine the level. In the paper, the sum of the energy of the high-frequency coefficients is calculated at the N checkerboard-shaped filters. The checkerboard-shaped filters cascading the first level fan filters can achieve the four-band decomposition. Similarly, the third filters (the parallelogram filters) will be constructed when the fan filters are up-sampled by the unimodular matrix R1, R2, R3, and R4. This can result in the eight-band decomposition of the input signal.
In general, the contourlet transform is improved by wavelet transform and the non-subsampled directional filter bank. The new one (non-subsampled wavelet-based contourlet transform) overcomes the disadvantages of the contourlet transform and will have the broader way for image processing. Figure 7 shows the decomposition procedure of NWCT.
Defect segmentation 4.1 Decomposition
As shown in Figure 8 , it's a warp-knitted fabric image included broken warp which is of size 256 × 256 and it is captured by EPSON V370 Photo. This fabric sample used in the paper is the one of warp-knitted fabric produced on high-speed Tricot machine. In addition, it is made of polyester filament yarn and its loop structure image is shown in Figure 14 , in which it is respectively the technical face image and technical back image. During the decomposition, the fundamental wave for wavelet transform and NSDFB have to be taken into consideration. As known, the gray level of the fabric image will change rapidly while the defect emerges. Moreover, the spatial distribution of the gray level is peak shaped. As Figure 9 demonstrates, the bior2.8 is peak shaped too and is similar to fabric image graylevel changes.
In the next moment, the fundamental wave of NSDFB should be decided. Allow for the biorthogonality of bior2.8, the series of pkva wavelet and 9/7 wavelet function are compatible with it. In order to select the best one, this paper takes the information entropy into account. The computational formula of the information entropy is manifest as following. (11) Here, G i represents the occurrence probability of gray level i.
In the experiment, the information entropy of the four directional sub-bands regarding to the broken warp fabric, width barrier fabric, and oiled fabric are compared. The sub-band that produces the maximum is chosen as the best suitable fundamental wave. Because the larger the information entropy, the more the profile information, and the more suitable the fundamental wave. In Table 1 , the information entropies of the broken warp fabric (vertical), width barrier fabric (horizontal), and oiled fabric (all directions) are listed and these apparently demonstrate that pkva6 is the best one for the NSDFB.
However, this paper also adopts an improved wavelet threshold denoising method during the decomposition of the wavelet transform. The traditional approaches concerning the wavelet threshold denoising are hard threshold and soft threshold 
Reconstruction by regional energy
After the decomposition, the image is divided into low frequency coefficient and directional sub-bands and these sub-bands present the profile information of the image. Then choose the promising sub-bands for the profile information based on regional energy. The theory of the process is as follows, here, Then choose the promising sub-bands of these high-frequency coefficients. Usually, the promising sub-bands of coefficient V is vertical sub-bands meanwhile coefficient H is horizontal and coefficient D is the maxima one. Then the high-frequency coefficients V, H, and D will be reconstructed by the inverse derivation of NSDFB and the fabric image will be also reconstructed based on the invert wavelet transform. Figure  13 shows the reconstructed fabric image of the broken warp fabric. It keeps most of the information of the picture.
Adaptive threshold and morphological opening
Shown in Figure 14 is the loop structure of the warp-knitted fabric sample. According to the definition of the warp-knitted fabric, it's the fabric that makes the yarn bent to loop and draw the new loop through the old loop [29] . It can give rise to the hole effect, especially in the vertical direction so that result in the gray level changes like the defect. Consequently, the last binary image segmented by the single threshold is filled with a host of unpromising noise. However, the adaptive threshold can resolve this matter. For the theory of it, the adaptive threshold provides a series of thresholds instead to segment different parts of images and it has excellent anti-noise property when the image is of while smooths the large objects [30] . Accordingly, the profile of the image will not shrink through morphological opening but can be distinguished. And by experiment, the structure element in morphological opening is a disk of radius 1. Finally the desultory points of the segmented binary image are removed. Shown in Figure 15 is the final result of the segmentation. 
Results and discussion
Through the experiments, when the fundamental wave of wavelet transform and NSDFB is respectively bior2.8 and pkva6, the decomposition level is 2 and the structure element is a disk of radius 1, NWCT can achieve the best segmentation result. It holds the most of fabric defect profile information, and the profile of the segmented defect is highly similar to the real profile. Furthermore, it can provide the reliable information for the next examination of warp-knitted fabric defect identification. Figures 16 to 21 show the results of the nondefect, broken warp 2, the width barrier 1, the width barrier 2, the oil 1and 2. As for the width barrier results, these fabric defects are just like points in line while the defects are too small to distinguish from the normal hole effect. Consequently, some points of the width barrier are lost in the final results. In addition, these should be the topic of research in the further work. 
Conclusion
This work substitutes the wavelet transform for Laplacian pyramid by the contourlet transform and constructs an improved wavelet threshold denoising method. It removes the down-sampling operation and applies the up-sampled matrix in the construction of non-subsampled directional filter bank. Consequently, the non-subsampled wavelet-based contourlet transform is formed and for the first time applied in the segmentation of warp-knitted fabric defect.
After the decomposition, the warp-knitted fabric defect image is reconstructed through selecting the promising sub-bands of the every level's high coefficients V, H, and D based on the regional energy value. Taking the loop structure of the warp-knitted fabric into account, the reconstructed image is segmented by means of the adaptive threshold segmentation and morphological opening effectively. The profile of the fabric defect is almost intact and distinct enough so that it can be used in the next work of fabric defect identification. Further research is needed to enhance the stability of the width barrier segmentation.
